Here, we used measurements taken with an array of 10 acoustic Doppler current profilers deployed from July 2009 to August 2011 to describe the tidally filtered circulation over the shelf and upper slope on the French side off the French coasts of the Bay of Biscay. The measurements provided an overview of the shelf and slope circulation throughout the entire water column over a large range of spatial and time scales. The average circulation over the shelf and upper slope of the Bay of Biscay was poleward following the topography with a speed of the order of 3 cm s −1 . This average circulation had marked seasonal variability. In summer, the currents were equatorward on the outer shelf near surface. Deeper in the water column, the flow remained poleward. In winter, the intensity of the current increased in the north, while it reached its maximum in the south in autumn. On a weekly scale, this behaviour was associated with strong surface currents near the coast in the northern part of the domain in winter and strong currents affected the whole water column in the southern part of the domain in autumn. Correlations of the along-shore currents with wind suggest that wind stress drives almost half of the total observed circulation. We suggest that this forcing acts either directly via local winds or potentially by coastaltrapped waves generated by non-local winds. The potential remote forcing mechanism acts predominately in the southern Bay of Biscay when the wind blows eastward along the northern Spanish coast.
Introduction
The continental shelf of the Bay of Biscay (BoB) west of France is located in the eastern part of the Atlantic Ocean between Capbreton Canyon and Penmarc'h Point (Fig. 1) . One feature of the BoB is the northward widening of the shelf. From the Spanish coast to Penmarc'h Point, the width of the continental shelf varies from ∼ 60 km to ∼ 160 km in front of the Loire River. This study focuses on the circulation on the shelf and the upper part of the continental slope. The continental slope is irregular and has many promontories and canyons (Fig. 1) . The first large-scale studies of the area were hydrological (e.g. Vincent and Kurc, 1969a; Le Cann, 1982 , Le Cann, 1988 and Puillat et al., 2004 . They show a seasonal (from spring to autumn) bottom-trapped water mass with a temperature of 12 °C between the 60 m and 120 m isobaths. This so-called "bourrelet froid" (cold pool) appears after the seasonal thermocline sets up, insulating the bottom water Such a pattern can also be observed in other regions like the Irish sea (Brown et al., 2003) and over the Mid-Atlantic Bight (Houghton et al., 1982) . The surface temperatures vary from 10
• C in the north in winter to > 21
• C in the south in summer. With the exception of winter, the thermocline depth is close to the depth of the 12
• C isotherm at ∼ 40 meters depth in spring and ∼70 meters depth in autumn. In winter, the water masses are homogeneous on the vertical.
Despite its complex topography, this area features a classical eastern boundary current system exhibiting a poleward flow on the shelf and slope (Koutsikopoulos and Le Cann, 1996) and is influenced by the eastern edge of the large scale oceanic basin circulation (Pollard and Pu, 1985) . These open ocean boundary conditions force the slope current to be unstable and generate eddies observed in the interior of the BoB. In addition, they can act in concert with the wind and the buoyancy gradient to drive shelf circulation.
The complex circulation of the BoB has been studied for several years with in situ data. Over the abyssal plain, the average circulation shows a very weak
(1-2 cm s −1 ) anticyclonic trend (Pingree, 1993) . However, the circulation is affected by mesoscale dynamics. Anticyclonic eddies called SWODDies (Pingree and Le Cann, 1992) are generated on the slope of the BoB. The ⋆ generation of these eddies influences the circulation of the open and coastal ocean. The slope current was documented by Pingree and Le Cann (1990) who used available current meter data to establish its flow at a mean speed of 5-10 cm s −1 . This current is highly seasonal and geographically influenced.
Van Aken (2002) and Charria et al. (2011) provide a first overview of the BoBs circulation by analysing the surface circulation (∼ 15 to 80 meters 3 depth) observed from drifters over the last 17 years. The amount of drifter ⋆ data allows an accurate description of the surface circulation. It shows mean poleward circulation on the slope and a strong seasonal variability on the shelf. For spring and summer, the surface circulation, on the French side of the BoB Shelf and Slope (hereafter, BoBSS), is equatorward while in winter and autumn, at the surface, water masses flow poleward. The circulation in the BoB is strongly influenced by the seasonal variation of wind (Pingree and Le Cann, 1989) , heat fluxes (Somavilla et al., 2012) and freshwater inflow (Lazure and Jegou, 1998; Lazure et al., 2008; Ferrer et al., 2009 ).
To improve our knowledge of the circulation in the BoBSS, the objective of the ASPEX experiment was to observe the shelf and upper continental slope circulation through the water column over large spatial and temporal ranges. This study focuses on the seasonal dynamics and the horizontal velocities observed over 2 years from July 2009 to August 2011. In section 2, we describe the scientific project which provides the current data and the numerical model which we use to discuss the wind driven circulation. In section 3, we present a seasonal analysis of the wind regime and the observed circulation in the BoB using different time scales. Then, we discuss in section 4 the influence of the wind on the observed circulation in the BoB and other mechanisms which also drive the circulation. We conclude our work in section 5. The sampling period is 30 s for both the 300kHz and 150kHz ADCPs and 150 s for the 75kHz ADCPs. The collected data are then averaged over 20 min periods. Our study will focus on the tidally filtered time series of these currents. To performed the tide filtering, we used the Godin's tide filter (Godin, 1972) . The cut-off period of the Godin's filter is 3.9 days.
The tidally filtered currents were projected into separate along-shore and cross-shore components. Based on the hypothesis that the current variability is strongly constrained by the topography, the along (cross) shore direction is defined by the direction which maximizes (minimizes) the current variability.
Applying an Empirical Orthogonal function (EOF) method (Björnsson and Venegas, 1997) to the zonal and meridional components of the vertically averaged and tidally-filtered currents, we obtain two EOF modes on which the current variability can be projected. The eigenvector associated with the first (second) mode maximizes (minimizes) this variability and defines the 
Current processing for seasonal circulation ⋆
Based on the available collected data, we process the dataset to define the seasonal currents. These currents are averaged over three month periods:
January, February, March for winter; April, May, June for spring; July, August, September for summer and October, November, December for autumn.
We only consider continuous time series longer than a month to define a seasonal time average. This month must be common to at least two moorings along each section to be taken into account. This processing allows a consistent analysis of the seasonal circulation along a section. (GCM) from Météo-France (Déqué et al., 1994) . The model outputs are sampled every 6 hours and its spatial grid has a 0.5
• resolution. We use the ARPEGE winds within a range from 43.5
• N to 48.5
• N and from 1
Time-lagged Wind-Current correlations ⋆
In section 3.5, the wind driven circulation is estimated based on the computation of the time-lagged correlation of the along-shore velocities with the local winds projected on axes varying on angles from 0 to 2π. We focus on time lags shorter than 7 days in order to discuss about synoptic time scales and shorter periods. The maximum correlation and the corresponding angle allow an estimation of the wind component for which the variations of the along-shore currents and winds are in phase. We also have access to the time lags associated with these maximum values of correlation. This information is a good proxy to estimate the influence of the local winds or other forcing.
Results ⋆

Wind Regimes in the Bay of Biscay ⋆
An EOF method implemented on the BoB wind field indicates that the wind field exhibits weaker spatial variation at the scale of the analysis. For the studied period, the first EOF mode explains about 77% of the total variability and the spatial structure (eigenvector) is uniform. Figure 3a shows the 1 st EOF mode of the winds. It indicates that the wind variations are coherent and similar over the whole BoB.
In figure 3b , the wind vectors are spatially averaged over the domain adopted for the wind field. We present here, the seasonal evolution of this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 spatial average. The winds in the BoB are expected to be southeastward in the summer and mainly northeastward in the winter with transition periods of two months between each phase. The transition periods should occur in September/October and March/April. These changes in the wind direction are called the SOMA effect (Pingree, 1999) . However, the seasonal wind evolution shows some inter-annual variability. The wind regime in autumn 2009 is strongly northeastward and they southeastward in autumn 2010.
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These mean currents are compared with the mean winds observed in the middle of each section over the two years of the experiment (red arrows).
The wind at these locations presents a good proxy of the wind over the The seasonal variance of the tidally-filtered depth averaged currents is presented in Figure 5b . Similar to the seasonal averages, the current variability is constrained by the topography with larger variances close to the -linearly increasing speed from depth to surface observed during in autumn 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Along this isobath, cross-shore currents have amplitudes slightly less than the along-shore current amplitude. In summer, significant upslope currents 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Coherent flows all over the BoB or over a large part of the area may be the response to large scale forcing. In the section 4, we discuss the possibility that large scale forcing leads to the circulation in the BoB.
Wind Driven Circulation ⋆
A first step toward the understanding of the tidally filtered BoB circulation is to estimate the wind driven circulation part from the total circulation. 
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The correlations at the 60 m isobath can be split into two groups. Some points are localized close to the along-shore directions showing that wind in the along-shore direction has maximum effect and the other group of points is localized to the west of these along-shore directions. We see that these two groups may be better characterized as a geographical criterion rather than a seasonal influence. Indeed, the depth-averaged along-shore currents in the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The area is characterized by a mean wind veering from eastward to southeastward following the edge of the Azores anticyclone (figure 4) (Isemer and Hasse, 1987) . Through the Ekman transport, the mean wind regime would tend to drive a southward to southwestward flow. However, the tidallyfiltered circulation upon the BoBSS is characterized by a mean poleward current. It is interesting to compare the circulation in the BoB to the one over the Mid Atlantic Bight (MAB) for several reasons. Their geometry are both complex with presence of canyons and promontories, they are both located at mid-latitudes, the tide currents are comparable, their stratification are both influenced by freshwater run off and summer heat fluxes. Furthermore, over the MAB, the winds are also perpendicular to the coast (Lentz, 2008) and the mean flow is oriented in the direction leaving the shallow water on the right. Different forcing mechanisms of the mean circulation have been proposed. On one hand, the runoff of freshwater from the river, upwelling dynamics or frontogenesis can force a cross shelf density gradient which contributes to force an along-shore current (Csanady, 1978; Beardsley and Winant, 1979) . On the other hand, the shelf circulation is viewed as a 29 boundary layer of the open ocean, thus, indirectly driven by the large scale wind stress and heat fluxes which leads to an along-shore pressure gradient (Csanady, 1978) . This study indicate that the shelf circulation is most likely a response to the boundary conditions provided by the open ocean and from the coastal circulation that occurs north to the MAB (Chapman and Beardsley, 1989 ). However Lentz (2008) recently showed that the buoyancy driven flow in equilibrium with the cross shelf density gradient can be described by observations after simply removing the wind driven circulation. Thus, the shelf and upper slope tidally-filtered circulation could be the combination of large scale and local forcing. This likely simultaneous influence of different forcing scales brings the complexity of studying shelf and slope circulations.
Our study suggests such complexity by observing two different dynamics on the upper slope and the shelf (figure 7) but the separate influence of both forcing needs to be analysed more carefully to confirm this statement.
The influence of a possible large scale forcing was studied by Pingree and Le Cann (1989) . Through numerical experiments, they obtained a circulation on the slope and the northern part of BoB shelf with the same current intensity and orientation as our observations. They explained this vertically averaged poleward circulation on the slope as a result of the combination of the large scale meridional density gradient and the steep slope known as the JEBAR term (Huthnance, 1984) . On the northern part of the French continental slope, Pingree and Le Cann (1989) found a current intensity associated with this term comparable to the observed circulation (∼ 5 cm s −1 ).
The shelf residual circulation is also poleward but the slope is too smooth to drive a JEBAR current comparable to our observations. The cross shelf 30 density gradient, as a consequence of the freshwater runoff from the French rivers (Lazure and Jegou, 1998) , can also drive this poleward current but these runoffs strongly depend on the season. In the next section, we will discuss the influence of the wind forcing on the shelf circulation shelf in front of the Loire river. At this location, Vincent and Kurc (1969b) described a structure called "bourrelet froid" (cold pool) which appears after the set up of the seasonal thermocline. This structure tends to drive a surface intensified cyclonic circulation in front of the Loire river (i.e. a poleward flow close to the coast) in the interior of the water column (Charria et al., 2011) .
Such cyclonic circulation around a cold pool has been observed in the Celtic and Irish sea (Hill, 1993) .
Another feature of the summer circulation is the shape of the vertical profiles of the cross-shore velocity component ( figure 6 ). On the shelf, we observe a weak or slightly offshore flow at the bottom while there is a markedly onshore current at the depth of the thermocline. This pattern has been observed along the western American coast (Lentz and Trowbridge, 2001 ) and over the Mid-Atlantic bight (Lentz, 2008) . It fits with the theoretical frame of the Arrested Topographic Wave (ATW) (Csanady, 1978 ). An along-shore jet with shallow water on the right can drive a downslope current at the bottom in the Ekman layer. By continuity, it lead to an onslope interior flow.
However, such patterns observed with an ADCP have to be analyzed carefully because, in a region with enhanced internal waves activities (Pingree and New, 1989) , the recorded time series could present strong biases at the thermocline depth. Indeed, an ADCP records the current velocities at fixed depths, thus, the velocities in the layers above and below the thermocline are recorded by the same cell because of the vertical displacement of the thermocline due to the presence of internal waves (Pingree and Le Cann, 1989) .
From the shelf break to the coast, it may leads to an increase of the observed mean cross-shore velocity in the direction of the phase speed propagation of 33 the internal wave because velocity field of internal waves above and below the thermocline are opposed (Phillips, 1977) . The observed feature on the vertical profiles of the cross shore currents (figure 6) can be forced either by the ATW mechanism or the bias of an eulerian measurement in an internal waves field.
The internal wave can also influence the circulation at the 450 m isobath.
This isobath is approximatively the depth where internal wave are generated through the interaction with the topography. Internal wave beams are generated at the shelf break and propagate downslope with an angle with the slope depending on the stratification at the generation location. These waves have strong spatial variability and the mean currents associated to these waves can reach ∼ 15 cm s −1 on the upper slope near "La Chapelle" bank (Pingree and Le Cann, 1989) .
Wind Driven circulation ⋆
The correlations between the local winds and the along-shore velocities (> 0.5) suggest a strong influence of the wind on the circulation at the 60 m isobath but our results (figures 8 and 9) suggest two kinds of processes that occurs on the BoBSS. Indeed, the oriented time lagged correlations can be divided into two groups through both direction and time lag criteria.
On one hand, the observed along-shore circulation is well correlated with the along-shore wind and the time lags associated to this dynamics are approximatively twelve hours. The depth-averaged dynamics is primarily forced by the wind stress, along-shelf pressure gradient, and bottom stress (Lentz and Fewings, 2012) . A simple frictional and barotropic model (Csanady, 1982) On the other hand, at 44
• N, the observed along-shore circulation is well correlated with westerlies and the time lags associated to this dynamics are longer than a day. This suggests local along-shore currents forced by remote winds. Such a mechanism implies a longer time lag (Lentz and Fewings, 2012 ) than for a mechanism where the along-shore currents are driven by the local along-shore winds. Batifoulier et al. (2012) This also strongly suggests that some other mechanisms are able to force the 35 main part of the circulation in this section. These other mechanisms may be the driving mechanisms of the ∼ 40% of the observed circulation which are not explained by the wind forcing in the other sections. The section 5 discusses these driving mechanisms by comparing the circulation observed during the ASPEX project with the well documented area of the Mid Atlantic Bight.
Conclusion
The circulation in the Bay of Biscay is estimated at 10 locations with observations throughout the water column along three sections from the coast to the upper slope at 60 m, 130 m and 450 m isobaths . The nearly two year time series are used to describe the mean circulation and its temporal evolution as an eastern ocean boundary circulation. The depth and seasonally averaged currents are poleward throughout the Bay of Biscay except in summer on the shelf in front of the Loire river where the currents can be equatorward. The seasonal variability of these currents is constrained by topography and is weaker on the 130 m isobath. On the slope, the cross-shore currents are slightly downslope from mid-depth to the near bottom. On the shelf, the near bottom flow is also offshore but in the interior the vertical profiles present a greater variability likely due to the wind, the cross-shore gradient density and likely some bias due to the Eulerian measurement of internal waves activity. The temporal evolution of the circulation presents strong barotropic events observed at 60 m depth during the summer and autumn seasons in the south of the Bay of Biscay. And in winter, the circulation in the north is characterized by a strong surface intensified variability . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 At the bottom, oscillations of the weekly averaged current can be observed throughout the Bay of Biscay shelf and slope in winter.
The Bay of Biscay shelf and slope circulation may be mainly driven by large scale along-shore pressure gradient, cross-shore buoyancy gradients and the local winds. The data from the ASPEX experiment provides good proxies to separate each of the forcing mechanisms. In our study, a first step is performed estimating the wind driven circulation. At the coast, the wind driven circulation is about 60% of the total circulation. Locally, in the Penmarc'h and Loire river sections, the variability of the along-shore currents is driven by the along-shore winds with a spin up time around 10 hours. In the
44
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